Abstract-We demonstrate a very simple implementation of a single-bandpass microwave photonic finite-impulse response filter (MPF) with discrete tuning of the bandpass frequency and reconfigurability of the bandpass shape. We also discuss the notion of wavelength sampling in an MPF. A theoretical analysis has been developed to exploit the properties of the proposed MPF.
I. INTRODUCTION
T HERE is considerable interest in exploiting photonic technologies for the generation, transmission, detection, and processing of microwave and millimeter wave signals as an alternative to conventional electrical approaches [1] . The advantages of using photonic components include low loss, compactness, and immunity to electromagnetic interference. The design of simple, low-cost, microwave photonic filters with reconfiguration and/or tuning capabilities has been the subject of intense research and many structures have been proposed and important results have been demonstrated [2] - [6] .
One simple means for implementing a microwave photonic finite-impulse response filter (MPF) is shown in Fig. 1 and uses a multiwavelength source and a wideband dispersive medium. Important features of the MPF response include the following: 1) the factor depends approximately linearly on the number of sources, or taps, (especially for ); 2) the filter shape depends on the weight distribution of the taps; and 3) the spectral response is periodic which may be undersirable for RF applications requiring a single bandpass.
Recently, an MPF based on a broadband source (BBS) and a Mach-Zehnder interferometer (MZI) was demonstrated [7] . In this case, the sinusoidal and continuous optical tap weight distribution allows for a single bandpass microwave filter response. By tuning the period of the MZI, the RF bandpass frequency was tuned in the range 5-17 GHz. Although the results demonstrate the potential of the approach, there are several limitations. First, a high accuracy on the fiber lengths in the arms of the MZI is required in order to tune , i.e., an optical path length mismatch on the order of a few millimeters is required per GHz change in frequency. Second, and more importantly, the RF bandpass shape is constrained by the spectral shape of the BBS and there is no reconfigurability. Recently, we demonstrated a very simple implementation of a single bandpass MPF with discrete tuning of the bandpass frequency and reconfiguration of the bandpass shape [8] . In this paper, we provide a more comprehensive analysis of the MPF, including a detailed discussion on various design tradeoffs which are unique to the implementation and which must be understood properly in order to exploit fully the capabilities of the approach. The MPF is based on a tunable high-birefringence 0733-8724/$25.00 © 2008 IEEE Sagnac loop (HiBi-SL) to implement the sinusoidal and continuous optical tap weight distribution with discretely tunable wavelength separation (period) to tune . We also use a commercial DWDM channel selector to control the spectral shape of the tap weight distribution (i.e., apodization) to reconfigure the bandpass shape. We achieve tuning over the range 5-18 GHz and factors as high as 88; we also obtain a good suppression of the sidelobes using apodization and demonstrate the notion of wavelength sampling in a MPF.
II. BACKGROUND

A. Single-Bandpass MPF
The general theory of a single-bandpass MPF based on a sinuosoidal and continuous optical tap weight distribution is detailed in [7] , and here, we provide a brief summary of the main points. The general implementation is shown in Fig. 1 .
We assume that an optical source with a 3-dB bandwidth dB is spectrally sliced by a periodic optical filter with a sinusoidal transfer function which can be described as (1) where is the period (a fictitious optical spectrum which illustrates physically the various symbols used is given in Fig. 1 ). The sliced optical spectrum is then modulated by an electrooptic modulator (EOM) driven by an RF frequency (rad/s) and then propagated through a wideband dispersive medium, such as a length of single-mode fiber (SMF) with a group velocity dispersion ps km and dispersion slope ps km . The key properties of the MPF transfer function are the following, 1) There are three responses, centered at dc and where is the bandpass frequency given by
The bandpass frequency can be tuned by varying the dispersion or the period of the sinusoidal optical filter. 2) As long as the RF bands centered at and do not overlap, any drift in the absolute frequency (wavelength) of the sinusoidal tap weight distribution does not affect the RF filter response since there are no interferences in the RF passbands and the MPF operates in the incoherent regime. In the case where the dispersion slope can be neglected, the transfer function of the RF passband centered at is given by (3) where the first term corresponds to the conventional carrier suppression effect (CSE) that can be avoided by using single-side band modulation. For the remainder of this paper and in the equations relating to the MPF transfer function that follow, we will neglect this first term.
3) The undesirable effects of the dispersion slope can be avoided by combining different fibers to compensate or cancel the amount of dispersion slope as was demonstrated theoretically in [7] and experimentally in [9] . Alternatively, for a given source spectral bandwidth dB , the dispersion slope can be neglected when the following condition is satisfied [7] :
B. Optical Channel Selector and Broadband Source
The transfer function of the RF filter depends on the spectral profile of the optical source as shown in (3) . In this way, we can achieve reconfigurability in the RF filter when the optical spectrum of the optical source is changed. In this paper, we propose the use of an optical broadband source combined with an optical channel selector to modify the spectrum of the optical source. The channel selector contains a given number of channels which are separated by an optical frequency . The channel selector can selectively block, pass, or attenuate independently each channel. Note that the channel selector is not to be confused with the periodic filter used to obtain a sinusoidal and continuous tap weight distribution. We consider a rectangular profile for each channel with a bandwidth that corresponds to the separation between adjacent channels. Therefore, the optical spectral distribution can be written as (5) where denotes the convolution operation. Each channel is centered at the optical frequency . The function takes into account the shape of the optical broadband source as well as the attenuation that the optical channel selector gives to the corresponding channel . Note that the spectral distribution is equal to in the limit that the bandwidth tends to zero and tends to infinity (i.e., by keeping the product constant).
C. MPF Passband Transfer Function
Using our approach and considering (3) and (5), the transfer function corresponding to the RF passband centered at can be written as the product of two RF responses (6) where is the RF filter response that corresponds to the optical rectangle channel (i.e., associated with the channel selector), and corresponds with the discrete distribution of channels. These RF responses are given by the following expressions: . In all cases, we keep the product THz. The SMF fiber length is 50 km and the periodicity of the sinusoidal filter is 0.238 nm. We consider a Gaussian profile for the optical source with a 3-dB bandwidth dB GHz ( 3.82 nm). As shown in Fig. 2 , we observe a baseband characteristic and a bandpass characteristic around the frequency . The main difference between the RF filter responses comes from the additional resonances around the RF bandpass centered at for the cases in Fig. 2 (a) and (b). Note that the additional resonances decrease as the optical bandwidth approaches zero, i.e., when we are close to the continuous case. The Gaussian apodisation profile is "discrete" or step-like with a slowly varying period of . This slowly varying "envelope" creates these additional resonances in the filter response. In fact, the condition to reduce the spurious resonances can be found from (8) and is given by the following: (9) Therefore, this effect can be reduced or eliminated with a finer control over the individual tap weights. Commercially, we can find optical channel selectors with a channel bandwidth around 10 GHz, corresponding to the results shown in Fig. 2(b) [6] .
D. Digitally Tunable Sinusoidal Filter Based on a HiBi-SL
As mentioned above, in order to tune the RF bandpass frequency , we must adjust the dispersion of the dispersive medium or the period of the sinusoidal optical filter. In this paper, we propose to use a sinusoidal optical filter based on a HiBi-SL which can be constructed by inserting a length of HiBi fiber (e.g., polarization maintaining fiber) into a fiber loop mirror. The principle of operation has been described previously [10] . The important point is that the reflection response , or transmission response [note that in the absence of losses, the reflection and transmission responses are complementary, i.e., ], of the HiBi-SL is sinusoidal and periodic with a period given by (10) with and being the length and birefringence of the HiBi fiber, respectively, and is the speed of light.
Combining (2) and (10), we have the following simple expression for the bandpass frequency in terms of the implementation parameters: (11) Clearly, the length of HiBi fiber needs to be varied in order to tune the period of the reflection response. A simple means to achieve this is to cascade HiBi fiber segments with lengths connected via 2 2 switches [11] . This configuration is similar to a tunable optical lattice delay line and the states of the switches determine the total length of the HiBi fiber in the SL. Since the principle axes of the HiBi fiber segments may not necessarily be aligned, the period of the reflection response depends not only on the segment lengths, but also the relative rotation of their principle axes. The latter is equivalent to adjusting the state of polarization (SOP) of the input to each HiBi segment using polarization controllers (PCs). Indeed, digitally tunable periodic filters have been demonstrated by controlling the lengths of HiBi fiber and/or the SOP of the input to each HiBi segment [11] , [12] .
In terms of tuning , the frequency accuracy that can be obtained using the HiBi-SL is close to three orders of magnitude greater than that of the MZI demonstrated in [7] . This accuracy ratio is given by the factor for the same fiber length and the same length .
III. EXPERIMENT AND RESULTS
The setup of our tunable MPF is shown in Fig. 3 . We use a spectrally flattened ASE source with a total power of 13 dBm from 1535-1555 nm as the BBS. A commercial 100-GHz DWDM channel selector (Peleton, QTM) is used to shape the spectral output of the BBS. The channel controller consists of a zero-dispersion pulse shaper with two diffractive gratings as angular dispersive elements and a spatial light modulator for amplitude control. The amplitude of each channel can be blocked fully, or reduced in increments of 0.1 dB up to a maximum of 20 dB. Each channel is 100 GHz in bandwidth and has a rectangular shape.
The HiBi-SL comprises four lengths of HiBi fiber which can be interconnected using polarization independent 2 2 switches. By choosing the state of the switches, we can vary the total length of HiBi fiber in the SL, and hence the period of the reflection response. In our demonstration, we consider a fixed length of HiBi fiber and a three-stage interconnection of fiber lengths , , and . We adjust the PCs for each HiBi segment so that the principle axes are essentially aligned. Thus, by simply adjusting the state of the switches, we obtain eight different values of or . The HiBi fiber has a measured birefringence at 1550 nm. The lengths are mm, mm, mm, and mm. Splicing losses of the HiBi fiber to SM pigtails are less than 0.1 dB. Other than the HiBi fiber, all other components in the HiBi-SL comprise SM fiber. Fig. 4 shows the measured transmission spectral response of the HiBi-SL for the eight different values of . In particular, the smallest wavelength spacing is 0.078 nm and the largest spacing is 0.245 nm. By proper adjustment of the PCs, the uniformity of the filter response can be 0.5 dB. Note that since we use a Sagnac configuration, the filter response is very stable. The stable nature of the HiBi-SL implementation is an advantage compared to the MZI implementation; however, as mentioned in Section II-A and in [7] , stabilization of the sinusoidal filter response, i.e., the tap distribution, it is not required since any drift (or change in the fringe visibility) will not impact the microwave filter response.
In our experiments, we use km of Corning SMF-28 as the dispersive medium. We also use the transmission response of the HiBi-SL; however, we can just as easily use the reflection response and obtain the same results. In Fig. 5 , we plot typical measured and simulated MPF responses for nm and nm, and using of the channel selector with a uniform profile. The corresponding uniform tap weight distributions are shown in the insets. The RF bandpass is centered at 17.8 and 5.6 GHz, respectively. There is excellent agreement between measurements and simulations.
Note that the optical spectral distribution has a square profile when all of the channels have the same attenuation. In this case, we can obtain the following analytical expression for the 3-dB For this fiber length , we determine the maximum number of channels (or the optimum optical source bandwidth) so that the effects of dispersion slope are negligible. Unfortunately, we cannot obtain an analytical expression for the general case [7] , but from the simulations, we can obtain an approximate expression for the case of a square profile (13) Fig. 6 plots the measured 3-dB bandwidth of the RF filter response corresponding to the period nm (circles) and nm (squares) when different number of channels are activated with a uniform profile. The case of corresponds to the transfer functions shown in Fig. 5 . In addition, the theoretical curve predicted by (12) is shown (solid line). We observe that the experimentally measured bandwidths match the theoretical predictions until reaches . Beyond this point, the dispersion slope can no longer be neglected since the optical source bandwidth is now wide enough (and correspondingly, the RF bandwidth increases). As (13) predicts, the maximum number of channels depends on the frequency . We obtain and for the RF bandpass frequencies 17.8 and 5.6 GHz, respectively. In this way, we establish that the number of channels needed to reduce the effects of the dispersion slope is determined by the maximum frequency of the RF filtering operation. In our case, the maximum operating frequency (set by the LCA) is 20 GHz, which corresponds to eight channels from the channel selector (as we have plotted in Fig. 5 ).
In Fig. 5 , we have shown implicitly that the RF bandpass filter can be tuned by changing the length of HiBi fiber . To demonstrate the tuning capabilities of our MPF, Fig. 7(a) shows the measured bandpass frequency as a function of the inverse period and HiBi fiber length . For this length of SMF one of the bandpass frequencies coincides with a null arising from the CSE [see Fig. 7(b) ] which can be avoided using single-side band modulation. Clearly, the bandpass frequency varies linearly with or , in agreement with (11) . Moreover, the tuning curve shows that several meters of HiBi fiber per GHz ( 4.4 m/GHz) are required to tune (or ). Compared to the several millimeters of optical path length (1) . (b) Carrier suppression effect and location of the bandpass frequencies (). The "2" denotes the bandpass frequency whose response is suppressed by the CSE. mismatch per GHz in the MZI implementation [7] , our new approach provides three orders of magnitude greater tolerance for tuning the bandpass frequency. Fig. 8 shows that the measured 3-dB bandwidths of the MPF response are relatively constant over the tuning range. According to (12), the 3-dB bandwidth dB is 193 MHz and independent of the RF frequency. Note that this expression does not take into account the CSE; therefore, a small difference around the first notch of the CSE is found in the experimental RF filter response. However, we can guarantee that the effect of the dispersion slope is not relevant since we satisfy the condition specified in (13).
The measured factors are also shown in Fig. 8 . We achieve a maximum factor of 88 for nm, which is more than double that previously obtained using the MZI implementation [7] . Note that the factor is not constant as a function of bandpass frequency since we fix the source spectral bandwidth. As mentioned above, each value of has an optimum source spectral bandwidth that should be used to optimize the microwave filter response. The maximum factor is constrained by the dispersion slope-fiber length product that limits the bandwidth dB of the optical spectral distribution (and which ultimately constrains the number of taps available). In the next set of experiments, we demonstrate reconfiguration (apodization) of the bandpass shape. As an example, we adjust the loss of the individual channels from the channel selector to generate a Gaussian-like spectrum. Since apodization reduces the effective bandwidth of the source, we ensure that the Gaussian-like spectrum has a similar 3-dB bandwidth as the optimum BBS bandwidth determined above (i.e., 6.24 nm). Fig. 9(a) compares the measured microwave filter responses with uniform tap and Gaussian-like tap distributions for nm. The sidelobes near the bandpass frequency are well suppressed by more than 30 dB. Fig. 9(b) shows the simulated MPF response for the Gaussian-like apodization; again, there is excellent agreement with the measurement. However, the level of the additional resonances due to the bandwidth of the channels (i.e., the period of the HiBi-SL filter is less than the 100-GHz spacing of the channel selector) is around 20 dB with respect to the RF bandpass, as the simulation predicts. As we have mentioned in the previous section, we can use other commercial channel selectors with bandwidths around 10 GHz to reduce the extinction level of these adjacent resonances to 70 dB.
Finally, to demonstrate the capability of our approach, we use the channel selector to wavelength sample the tap distribution. In analogy to sampling a fiber Bragg grating [13] , this wavelength sampling process will create additional periodic bands in the microwave filter response. In the following experiments, we use square-wave wavelength sampling of a uniform tap distribution with a period of 200 GHz (corresponding to blocking alternate channels in the channel selector) [see Fig. 10(a) ]. For this wavelength sampling period, the additional bands are separated by 0.9 GHz from the original bandpass centered at 10.9 GHz. Fig. 10(b) and (c) shows the measured and simulated MPF responses, respectively, for nm with and without sampling.
IV. DISCUSSION AND CONCLUSION
We have demonstrated a very simple implementation of a single-bandpass MPF with discrete tuning of the bandpass fre- quency and reconfiguration of the bandpass shape. We achieve tuning from 5-20 GHz and factors as high as 88.
We use an HiBi-SL to provide a sinusoidal and continuous optical tap weight distribution. By interconnecting three segments of HiBi fiber via 2 2 space switches, we can vary the total length of HiBi fiber in the SL which in turn varies the period of the reflection (or transmission) response. In our experiments, we adjusted the PCs so that the principle axes of the HiBi fiber segments were aligned. For the three-stage interconnection used, we obtain eight different periods by simply adjusting the state of the switches, which gives eight possible bandpass frequencies for the MPF response. As demonstrated in [10] and [12], we can also exploit the PCs further to set properly the SOP of the input to obtain even more periods from the HiBi-SL response and hence, more possibilities for the bandpass frequencies.
Using a channel selector allows us to have a good control over the shape of the BBS to reconfigure the bandpass shape. We obtain more than 30-dB reduction in the sidelobes using Gaussian apodization. We also demonstrate the notion of wavelength sampling the tap distribution to create additional bands in the microwave response.
In conclusion, we believe that the tuning and reconfiguration capabilities of our simple MPF has a large potential for RF signal processing applications.
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